The genetic structure of 14 populations from three ash provenance regions (Fraxinus excelsior L.) in southern Germany (Aid Infodienst, 2003) is described by analysing the variation of four nuclear and five cpDNA microsatellites. The study of the nuclear microsatellites revealed high levels of genetic diversity but low levels of genetic differentiation, suggesting a high degree of gene flow among regions and /or human interference by introducing plant material coming from different provenances. The distributions of the allele frequencies and the genetic structures at these four microsatellite loci did not allow the identification of distinct provenance regions, although "private alleles" were encountered with moderate to low frequencies (above 5 percent). Specifically, the Rhine valley populations (provenance region 81105) and these from the Swabian Jura and Black Forest (provenance region 81107) revealed private alleles at the two microsatellite loci Femsatl4 and Femsatl12. A more distinct differentiation between provenances was found based on the cpDNA markers. Evidence on genetic delineation and characterization of ash provenances is discussed. Based on these results, provenance regions can be genetically characterised but further analysis of ash populations and of reproductive material (seeds or seedlings) would be of great importance for provenance delineation, as well as gene conservation and sustainable management of ash populations.
Introduction
The distribution of common ash (F. excelsior L.) in Europe was a result of its expansion in the early Holocene period from four main refugia regions, one located in the Apeninnes, one in the eastern Alps, one on the Iberian and one on the Balkan peninsula (HEUERTZ et al., 2004b) . The common ash is one of the European hardwood tree species that is highly represented in the populations across the Rhine River. The present forests in this region were mainly developed as a result of Rhine straightening and re-established through planting of soft-and hardwoods (VOLK, 2001) . It is known through historical records that over hundreds of years, settlement in the flood plain and clear-cutting of the forests for timber use reduced the distribution of ash to a few patches of scarcely wooded areas. The existence of ash in the Black Forest and in Swabian Jura was mainly influenced from the land use history of these mountainous areas. Nevertheless, the development of ash forests seems to have been in a natural way without introduction of plant material from other regions (pers. communication with foresters of the area).
The successful development and use of nuclear and chloroplast microsatellites for ash (HEUERTZ et al., 2001; LEFORT et al., 2000) presented interesting results in populations from northern and southern Europe (HEUERTZ et al., 2001; HEUERTZ et al., 2004a, b; HÖLTKEN et al., 2003) . In these studies, relatively high genetic differentiation was observed among relatively isolated ash populations in south-eastern Europe, whereas populations from a large area in western and central Europe were genetically more homogeneous (HEUERTZ et al., 2001; HEUERTZ et al., 2004a) . However, so far no intensive studies have been carried out on the genetic differentiation of German populations.
Provenance regions are usually geographically defined, based on the conditions which characterize the habitat where the populations grow, without taking into consideration any genetic aspects (Anlage I zu Artikel 1 Nr. 5 der Ersten Verordnung zur Änderung der Forstsaat-Herkunftsgebietsverordnung, 2003) . In this context, provenance regions have been defined in Germany for ecologically and economically important tree species. These provenance regions are delineated according to climatic and site conditions, assuming that populations have been well adapted under local conditions over the years (aid Infodienst, 2003 ; Anlage I zu Artikel 1 Nr. 5 der Ersten Verordnung zur Änderung der Forstsaat-Herkunftsgebietsverordnung, 2003) .
In the present paper a genetic diversity study of F. excelsior in southern Germany is described using nuclear and chloroplast microsatellites with the main objective to genetically characterise different provenance regions, defined according to the German legislation (Anlage I zu Artikel 1 Nr. 5 der Ersten Verordnung zur Änderung der Forstsaat-Herkunftsgebietsverordnung, 2003) . Moreover, the extent to which the different refugial populations have contributed to the present populations of F. excelsior in southern Germany will be inferred by using cpDNA-markers.
Materials and Methods

Plant material
Samples of Fraxinus excelsior L. were collected in summer 2003 from three regions of provenance in southern Germany: 81105 (Upper Rhine Valley), 81107 (Black Forest and Swabian Jura), and 81108 (Bavarian Alps and foothills). Three populations in the provenance region 81108 (Bavarian Alps and foothills), four in the region 81107 (Black Forest and Swabian Jura) and seven in the region 81105 (Upper Rhine valley) with a representative spatial distribution in each provenance were chosen as sampling areas. In these sampling areas (5-10 ha), trees were selected randomly but with two restrictions: a. to be widely spaced in order to avoid sampling of members of the same family, and b. to represent the spatial distribution of trees in the forest unit. Seventy trees from each population of the regions 81108 and 81107, and forty trees from each population of the region 81105 were selected; leaves were sampled from a total of 280 trees from each of the provenance regions 81105 and 81107 and from 210 trees from the region 81108. The number of samples scored for all four microsatellite loci in each region is presented in Tab. 1. Samples from 15 to 20 trees per population were used for the cp-DNA analysis. The leaves were frozen under dry conditions before DNA was extracted. The locations of the sampled populations in each provenance are presented in Figure 1 . According to the delineation of provenance regions, the populations from the Swabian Jura and the Black Forest belong to the same provenance region and are assumed to grow under similar mountainous conditions.
DNA extraction -microsatellite analysis
We extracted total DNA from approximately 50mg fresh leaf material or 10-20 mg of dried plant tissue from 250 trees from each provenance, using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). DNA extracts were fluorimetrically quantified (DyNA Quant 200, Hoefer Pharmacia Biotec) and adjusted to 2 ng /µL, or diluted according to visual quantification on agarose gels.
The genotypes of all investigated samples were scored at four highly polymorphic nuclear microsatellite loci, namely Femsatl4, Femsatl8, Femsatl12, Femsatl16 (BRACHET et al., 1999; LEFORT et al., 1999) and at five chloroplast microsatellites, namely ccmp3, ccmp6, ccmp7, ccmp10, µkk3 (WEISING and GARDNER, 1999; DEGUILLOUX et al., 2003) . PCR amplifications were performed using fluorescent labelled primers in a mixture containing 1x reaction buffer (Eppendorf), 2.5 mM MgCl 2 , 200 µM dNTP; 0.2 µM of each primer, 0.8 unit Hot Start Taq Polymerase (Eppendorf) and 5-50 ng of template DNA for a 25 µl reaction volume. For the nuclear microsatellites, after an initial denaturation step for 2 min at 94°C, the amplification reaction was carried out for 35 cycles as follows: 94°C for 1 min, 52°C (Femsatl8, Femsatl12, Femsatl16) or 55°C (Femasatl4) for 1 min, and 72°C for 1 min. The final elongation was at 72°C for 10 min. For the chloroplast microsatellites the reaction changed as follows: the amplification was performed in 30 cycles, with an annealing temperature of 57°C for ccmp3, ccmp6, ccmp7, ccmp10 or 45°C for µkk3 for 1 min. The PCR reactions were conducted on a gradient PCR-cycler (MJResearch PTC-200). The quality of the PCR products was controlled in a 1.5 % agarose gel.
The sizes of the PCR products were determined by using an automatic sequencer analyser (ABI3100-Avant Genetic Analyser; Applied Biosystems). The PCR products were multiplexed in the case of Femsatl8 and Femsatl16 and analysed simultaneously by using an internal size standard (GeneScan ROX400-HD Size Standard). Size determination and allele assignment were carried out using Genemapper v.3.5 software (Applied Biosystems). Allele binning (allele specification) was based on graphics with consecutive fragment lengths per locus.
Population genetic statistical analyses
The genetic diversity within provenance regions was estimated on the basis of nuclear microsatellites by calculating several genetic parameters: number of alleles per locus and region, total number of alleles per locus, observed heterozygosity (H o ) and expected heterozygosity (H e ) with the software POPGENE v. 1.32 (YEH and BOYLE, 1997; Yeh et al., 2001) . The fixation index (F IS ) was used as a measure of heterozygote deficiency or excess and genetic differentiation among provenance regions was estimated by their F ST values (WEIR and , 1984) . The F-values were calculated and tested by using the software FSTAT v. 3.4 (GOUDET, 1995) .
Results
Nuclear microsatellites
All of the nuclear microsatellite loci turned out to be highly polymorphic possessing large numbers of alleles, while the effective numbers of alleles (n e ) were considerably lower for all of them. In the total sample, allele numbers per locus varied between 27 (Femsatl12, Femsatl16) and 41 (Femsatl4) (Tab. 1). The observed heterozygosity (H o ) was lower than the expected (H e ) in most of the populations and at most of the loci, leading to positive estimates of inbreeding coefficients (F IS ) except in the case of the populations in the regions 81107 (Femsatl8) and 81108 (Femsatl8, Femsatl16) where the F IS values were negative (Tab. 1). The hypothesis of Hardy-Weinberg structure was rejected for all regions and most of the loci (P > 0.05) (Tab. 1). The populations of the provenance region 81105 (Rhine valley) showed the highest inbreeding coefficient (F IS = 0.095) over all loci, while the lowest value was observed in the populations of the provenance region 81108 (Bavaria) (F IS = 0.055), supporting the assumption that the three ash populations sampled in Bavaria (81108) were autochthonous (personal communication with the Bayerisches Amt für forstliche Saat-und Pflanzenzucht, Teisendorf) (Tab. 1). The overall values for each loci over all populations were calculated and the highest one was calculated for Femsatl12 (Tab. 1). In this investigation we used the computer program GENEPOP 3.4 (Update of GENEPOP 1.2: RAYMOND and ROUSSET, 1995) to infer the presence of null alleles by testing the hypothesis that null alleles were responsible for high rates of homozygotes. Accordingly, the frequency of the supposed null allele under Hardy-Weinberg equilibrium should be equal to "p". In this case, the frequency of homozygotes for the supposed null allele in each locus was equal to p 2 , representing the individuals failed to produce any PCR fragment. According to this assumption we estimated the frequency of the supposed null allele for Femsatl12 and Femsatl16. The frequency of the null allele for each locus was estimated and ranged from 0.13 (Femsatl12) to 0.31 (Femsatl16) (data not shown).
The F ST values indicated a relatively low genetic differentiation (0.012) among the regions, a value not significantly different from R ST (0.004) (Tab. 2). The nonsignificant R-and F-values indicate similar contributions of mutation and migration to the genetic variation of the populations (Tab. 2). The genetic distances (NEI, Table 1 . -Population genetic statistics of populations from three ash provenance regions based on four nuclear microsatellite loci (N = number of individuals, n a and n e = observed and effective number of alleles per locus (HARTL and CLARK, 1989) , H o and H e = observed and expected heterozygosity, F IS = average inbreeding coefficient, *** P < 0.001). 1972) among the populations of the different provenance regions were relatively low with the highest value between regions 81107 and 81108 (Tab. 3). The allele frequency distributions were very similar for all nuclear loci in all three provenance regions. A qualitative differentiation among the regions was found in private alleles with frequencies higher than four and lower than ten percent for the loci Femsatl4 (81107) and Femsatl12 (81105) (Fig. 2) .
Chloroplast microsatellites
One of the five chloroplast microsatellites analysed (ccmp3) was monomorphic with a fragment length of 91 bp. The other four showed low levels of polymorphism; ccmp6 and ccmp7 presented two size variants, whereas the ccmp10 and µkk3 showed three size variants, separated by one nucleotide. Tab. 4 lists the six haplotypes comprising the combinations of the size variants observed for each cpDNA marker. According to the findings in each population of the three provenance regions the haplotypes A and B represented the 52 % and 44 % of the total number of trees analysed, respectively. We found three common haplotypes found also by HEUERTZ et al. (2004b) , whereby in our study one of them was divided into two due to the use of an additional marker. Furthermore, one previously not reported haplotype was found. In 93 % of the samples of the Rhine valley (81105), haplotypes A and B were present, while two other haplotypes (C and E) were only rarely found. In all regions the frequency of the haplotype A is higher than that of B (Fig. 3) . The haplotype D was found only in Bavaria (81108). Finally, in the populations of Black Forest and Swabian Jura (provenance region 81107) only haplotype B was present (Fig. 3) .
Discussion
The nuclear microsatellite analysis showed a high degree of polymorphism in all populations, detecting three times more alleles than the first investigations in ash LEFORT et al., 1999) . In concordance with the results of HÖLTKEN et al., (2003) we observed a small effective allele number, indicating that just a few frequent alleles and many rare ones were present.
The deficiency of heterozygotes led to partially higher estimates of F IS for some populations, which could be explained by the presence of null alleles, a high rate of selfing/inbreeding, restricted seed and moderate pollen dispersal (HEUERTZ et al., 2003) or Wahlund effect due to fine scale genetic structuring. Actually, the frequencies of the eventual null alleles estimated in our study were relatively high in comparison to the frequencies of the other alleles observed, making their existence more unlikely. Similar results were obtained from MORAND et al. (2002) for the microsatellite loci Femsatl11 and Femsatl19. As a second reason for the excess of homozygotes, we can assume a Wahlund effect, due to the presence of breeding subunits inside the study regions. Wahlund effects have been encountered in various populations, when highly polymorphic markers were used for the analysis (GIBSS et al., 1997; GOOSSENS et al., 2001; MORAND et al., 2002; BOTTIN et al., 2005) . In our study a spatial Wahlund effect, generated due to sampling of breeding subunits was avoided, by sampling the mother trees being at least 50 m from one another. Nevertheless, a temporal Wahlund effect, due to difference in within-year flowering phenology or by variation in flowering expression of individuals between years cannot be excluded. However, the existence of Wahlund effects seemed to be unlikely in a study of French ash populations (MORAND et al., 2002) . Finally, intensive human activities in the ash forests, for example planting at the Rhine valley or intensive silviculture in the Black Forest, could also be responsible for high F-values.
The qualitative differentiation among populations of different provenance regions on the basis of private alleles at the loci Femsatl4 and Femsatl12 in the populations of the provenance regions 81105 and 81107 respectively, indicates a differentiation of both of them from the provenance region 81108. These results are in accordance with those of the cpDNA analysis which show that in the populations of the provenance region 81107 only the haplotype B was present, whereby in the populations of the provenance region 81105 most of the observed haplotypes (A, B, C, E, F) were observed. Additionally, the provenance region 81108 contains the rare haplotype D that was not observed in any population of the other provenance regions in south Germany.
The Rhine populations (81105) possess haplotypes originating from the refugial region located in the Apennines and the western haplotype lineage is observed in Bavaria (81108). The low number of haplotypes found in the populations of the provenance region 81107 which is located very central in southern Germany, where an overlapping of western and eastern lines should be expected, indicates human influence leading to genetic erosion of ash populations in these regions. Populations of this provenance region (81107) were not investigated before by other authors and were also not included in the German study areas by HEUERTZ et al. (2004 b) .
A more natural development of the forests requires the use of plant material derived from local populations, ensuring their survival under similar environmental conditions. In general, our study on the genetic diversity of ash provenances in southern Germany provides information about the genetic delineation of ash provenances. Based on our results, provenance regions can be genetically identified at least for core areas, taking into consideration the difficulty to define the exact physical border between provenance regions. Specifically, the findings on the nuclear microsatellites show differentiation mainly between the populations of the provenance regions 81105 and 81107 in private alleles, whereby the chloroplast DNA analysis provided a distinct differentiation of the populations from the region 81108 based on a private haplotype. Consequently, the proper choice of plant material to be used for planting can be achieved by using both type of markers. Finally, these results contribute to the establishment of management tools for populations of different provenances and the delineation of gene conservation ash stands. In this case, conservation of ash populations is considered based on the neutral genetic markers, like the nuclear and chloroplast microsatellites, but adaptive gene loci should be considered as well. The genetic conservation of ash stands in the Rhine valley is important, since they possess high levels of haplotypic variation and also a rare cpDNA haplotype not found elsewhere in Germany (haplotype F). Additionally, Bavarian populations should also be genetically conserved, since they possess the haplotype D not found elsewhere in Germany, according to HEUERTZ et al. (2004) . Moreover, in the delineation of regions of provenance genetic aspects should be also considered together with geographical and ecological criteria, since genetic identification of provenance regions seems to be possible in ash based mainly on the combination of private alleles by nuclear microsatellites (Fig.  2) and/or private haplotypes by chloroplast genetic markers (Fig. 3) . At the same time, other factors, i.e. natural origin and autochthony of the stands, level of human influence etc. should be taken into consideration, although present legislation does not account for this.
The distribution of genetic variation at selectively relevant gene loci is influenced by the environmental heterogeneity and causes adaptation of these populations to their local environments, resulting in an eventually fine-scale microgeographical variation. Depending on the variation pattern of selecting environmental factors the study of adaptive markers, like isozyme gene loci or the expression of specific genes of known function, would be very useful in order to understand the selection processes taking place under different environmental conditions. For example, the expression of specific genes under frequently faced stress conditions (eg. flood in the Rhine valley), would be of great importance. Such adaptive markers are already known in forest trees, like spruce (VORNAM et al., 2003) and oaks (PORTH et al., 2005) . Thus, in agreement with the suggestion of HEUERTZ et al. (2004 b) , the combination of both types of markers would be helpful for management decisions in ash forests.
